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Abstract While both cardiac dysfunction and progressive
loss of cognitive function are prominent features of an
ageing population, surprisingly few studies have addressed
the link between the function of the heart and brain. Recent
literature indicates that autoregulation of cerebral flow is not
able to protect the brain from hypoperfusion when cardiac
output is reduced or atherosclerosis is prominent. This sug-
gests a close link between cardiac function and large vessel
atherosclerosis on the one hand and brain perfusion and
cognitive functioning on the other. Mechanistically, the
presence of vascular pathology leads to chronic cerebral
hypoperfusion, blood brain barrier breakdown and inflam-
mation that most likely precede neuronal death and neuro-
degeneration. Animal models to study the effects of chronic
cerebral hypoperfusion are available, but they have not yet
been combined with cardiovascular models.
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Dementia is one of the most common disorders among the
elderly population and yet the pathogenesis of the disease is
largely unknown. A connection between cardiovascular
insults and cognitive decline is becoming evident from
epidemiological studies such as the Framingham Heart
Study and increasing knowledge on mechanistic insights
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highlights the importance of the heart-brain connection in
the pathogenesis and progression of cognitive impairment.

In healthy individuals, sophisticated cerebrovascular con-
trol mechanisms, executed by the so-called neurovascular
unit (an interplay between neurons, vascular cells, and glia),
ensure that the brain’s blood supply matches its energy
requirements [1]. These requirements increase locally during
neural activity, and they are met by a powerful local increase
in blood flow due to a mechanism called neurovascular
coupling or functional hyperaemia [2]. The cerebral vasomo-
tor reactivity (CVR) keeps cerebral blood flow (CBF) rela-
tively constant during changes of blood pressures, protecting
the brain from unwanted swings in perfusion pressure [3].
However, the CVR is not always able to compensate for
haemodynamic challenges. The most drastic example is acute
arrest of CBF due to cardiac arrest [4], or the occlusion of a
large cerebral artery, which leads to infarction of brain tissue.
Apart from being overwhelmed, the efficacy of the CVR can
be reduced by diseases affecting the neurovascular unit.
Endothelium-dependent responses in the microcirculation
may be impaired in atherosclerosis, hypertension, diabetes,
and old age (discussed in Gorelick et al.[5]).

The amount of blood reaching the cerebral circulation
may further depend on heart function and patency of the
cerebropetal arteries. In patients with heart failure a reduced
CBF was observed, and a reduced CBF correlated with a
rising prevalence (of up to 25 %) of cognitive dysfunction
[6, 7]. Even a subclinical decrease in cardiac output has been
shown to be associated with impaired cognition [8], while
improvement of heart function by cardiac transplantation or
resynchronisation improved cognitive functioning [9—11].
These observations cannot be explained by the limited blood
supply due to extracerebral factors if the CVR was normal.
There is experimental evidence that reduced cardiac output
hampers the CVR and reduces the spectrum of changes in
systemic blood flow that it can handle, challenging cerebral
perfusion [12]. More evidence for the assumption that in-
sufficient blood supply to the cerebral circulation can lead to
cognitive impairment comes from observations in patients
with blocked internal carotid arteries [13]. About half of
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these patients were cognitively impaired [13, 14] which
could not primarily be explained by structural brain damage,
but rather by — potentially reversible — lactate accumulation
in non-infarcted brain regions [15].

Atherosclerosis also affects the wall of cerebropetal arter-
ies, playing an important role in vascular cognitive impair-
ment (VCI). The risk of cognitive decline after coronary
revascularisation procedures appears to be more closely
linked to the degree of preoperative cerebrovascular disease
than to the surgical procedure itself. Given that many candi-
dates for a coronary artery bypass graft (CABG) have MRI
evidence of cerebral infarction even before surgery [16], it is
likely that the late cognitive decline previously reported in the
literature is related to the progression of underlying cerebro-
vascular disease. Undiagnosed mild cognitive deficits are
common in candidates for CABG even before surgery and
may be a surrogate marker for underlying cerebrovascular
disease [17]. In the Rotterdam study, intracranial carotid
artery calcification measured by CT is present in more than
80 % of older white persons (mean age 69.6 years) [18] and is
associated with conventional cardiovascular risk factors.
Larger calcification volume, measured at four sites (coronary
arteries, aortic arch, and extra- and intra-cranial carotid arter-
ies) is associated with vascular brain disease (white matter
lesion volume and cerebral infarcts), worse cognitive perfor-
mance and relates to smaller brain tissue volumes and worse
white matter microstructural integrity measured by MRI,
revealing possible mechanisms through which atherosclerosis
may lead to poorer cognition [19, 20]. Thus, there is ample
epidemiological evidence that atherosclerosis affects the neu-
rovascular unit. In addition, atherosclerosis can result in
haemodynamic compromise based on steno-occlusive dis-
ease and plaque rupture with thrombotic occlusion of large
arteries and emboli originating from ruptured plaques [5].

Animal models that enable dissection of the exact mo-
lecular mechanism involved in the heart-brain connection
include the bilateral cuff or coil-induced carotid artery ste-
nosis (BCAS), and the transverse aortic ligation (TAC). The
BCAS model is a model of chronic cerebral hypoperfusion
induced by placement of microcoils around both carotid
arteries [21]. In this model a reduced CBF, activation of
microglia and astroglia, white matter lesions, grey matter
changes, hippocampal atrophy and micro-infarcts have been
described [21-25]. TAC, the ligation of the aortic arch
between the carotids, is a mouse model of chronic heart
failure leading to a reduced ejection fraction [26, 27]. The
TAC model shows enhanced blood brain barrier (BBB)
permeability and NAD(P)H oxidase activity as well as in-
flammation and reduced CBF [28, 29]. Interestingly altered
kinetics of amyloid beta have been described in both models
[30-32] potentially linking neurodegenerative and neuro-
vascular mechanisms. Classical mouse models of athero-
sclerosis, such as the ApoE—/— mouse, also show an
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enhanced BBB permeability, inflammation, endothelial ac-
tivation and reduced clearance of amyloid beta protein, but
the link with cardiac function and cerebral flow has not been
described yet and needs further investigation to elucidate the
role of cardiovascular insults in neurodegeneration.

From the mechanistic perspective, dysfunction of the neu-
rovascular unit that forms the BBB plays a central role in the
heart-brain connection. Neurovascular unit dysfunction is
associated with activated endothelial cells, disrupted peri-
cytes, and abnormal endothelial-endothelial and endothelial-
pericyte connections. This induces leakage of plasma constit-
uents and infiltration of inflammatory cells into the surround-
ing tissue (discussed by Zlokovic [33]). Reactive oxygen
species and inflammation are thought to play a major role
in stimulating these responses. Oxidative stress induces en-
dothelial dysfunction, opening of the BBB, and cytokine
production [34]. Inflammation, in turn, enhances oxidative
stress by upregulating the expression of reactive oxygen
species-producing enzymes and downregulating antioxidant
defences [35]. Furthermore, oxidative stress and inflamma-
tion compromise the repair mechanism of the damaged white
matter, by interfering with proliferation, migration and differ-
entiation of oligodendrocyte progenitor cells [36-38]. The
loss of growth factors produced by the brain, which has been
observed in both Alzheimer’s disease and VCI, further com-
promises repair mechanisms [39]. These mechanisms affect
cerebral arterioles in particular and can contribute to the
development of small vessel diseases such as cerebral amy-
loid angiopathy and (hypertension related) arteriolosclerosis.
Pericytes play a critical role in the regulation of the BBB
function [40] and may have destructive inflammatory
responses [41]. Bell and colleagues reported that expression
of ApoE4 and lack of murine ApoE, but not ApoE2 and
ApoE3, leads to BBB breakdown by activating a proinflam-
matory pathway in pericytes involving cyclophilin A—nuclear
factor-k B—matrix-metalloproteinase-9. The BBB breakdown
subsequently leads to neuronal uptake of blood-derived neu-
rotoxic proteins, and microvascular and CBF reductions.
Notably, the vascular defects developed before neuronal
changes and dysfunction occurred suggesting that vascular
defects can initiate neurodegenerative changes.

To conclude, there is emerging evidence supporting a
link between cerebral haemodynamic impairment and cog-
nitive function. Cardiac failure, atherosclerosis, steno-
occlusive and small artery diseases affect the blood supply
to the brain, most likely affecting the function of the neuro-
vascular unit and BBB. A disrupted BBB causes inflamma-
tion, oxidative stress and exposes neurons to neurotoxic
proteins. The exact pathophysiological mechanisms and
causative relationships remain to be investigated. Animal
models of chronic cerebral hypoperfusion such as TAC and
BCAS have become available, but need to be combined
with cardiovascular models.



Neth Heart J (2013) 21:55-57

57

References

11.

12.

14.

16.

17.

18.

19.

20.

. ladecola C, Nedergaard M. Glial regulation of the cerebral micro-

vasculature. Nat Neurosci. 2007;10:1369-76.

. Paulson OB, Hasselbalch SG, Rostrup E, et al. Cerebral blood flow

response to functional activation. J Cereb Blood Flow Metab.
2010;30:2-14.

. van Beek AH, Claassen JA, Rikkert MG, et al. Cerebral autoregu-

lation: an overview of current concepts and methodology with
special focus on the elderly. J Cereb Blood Flow Metab.
2008;28:1071-85.

. Moskowitz MA, Lo EH, ladecola C. The science of stroke: mech-

anisms in search of treatments. Neuron. 2010;67:181-98.

. Gorelick PB, Scuteri A, Black SE, et al. Vascular contributions to

cognitive impairment and dementia: a statement for healthcare
professionals from the american heart association/american stroke
association. Stroke. 2011;42:2672-713.

. Paulson OB, Jarden JO, Godtfredsen J, et al. Cerebral blood-flow

in patients with congestive heart-failure treated with captopril. Am
J Med. 1984;76:91-5.

. Choi BR, Kim JS, Yang Y], et al. Factors associated with decreased

cerebral blood flow in congestive heart failure secondary to idio-
pathic dilated cardiomyopathy. Am J Cardiol. 2006;97:1365-9.

. Jefferson AL, Himali JJ, Au R, et al. Relation of left ventricular

ejection fraction to cognitive aging (from the Framingham heart
study). Am J Cardiol. 2011;108:1346-51.

. Roman DD, Kubo SH, Ormaza S, et al. Memory improvement

following cardiac transplantation. J Clin Exp Neuropsychol.
1997;19:692-7.

. Dixit NK, Vazquez LD, Cross NJ, et al. Cardiac resynchronization

therapy: a pilot study examining cognitive change in patients
before and after treatment. Clin Cardiol. 2010;33:84-8.

Petrucci RJ, Rogers JG, Blue L, et al. Neurocognitive function in
destination therapy patients receiving continuous-flow vs pulsatile-
flow left ventricular assist device support. J Heart Lung Transplant.
2012;31:27-36.

Tranmer BI, Keller TS, Kindt GW, et al. Loss of cerebral regula-
tion during cardiac output variations in focal cerebral ischemia. J
Neurosurg. 1992;77:253-9.

. Bakker FC, Klijn CJ, Jennekens-Schinkel A, et al. Cognitive

impairment in patients with carotid artery occlusion and ipsilateral
transient ischemic attacks. J Neurol. 2003;250:1340-7.

Bakker FC, Klijn CJ, van der Grond J, et al. Cognition and quality
of life in patients with carotid artery occlusion: a follow-up study.
Neurology. 2004;62:2230-5.

. Bakker FC, Klijn CJ, Jennekens-Schinkel A, et al. Cognitive

impairment is related to cerebral lactate in patients with carotid
artery occlusion and ipsilateral transient ischemic attacks. Stroke.
2003;34:1419-24.

Goto T, Baba T, Honma K, et al. Magnetic resonance imaging
findings and postoperative neurologic dysfunction in elderly
patients undergoing coronary artery bypass grafting. Ann Thorac
Surg. 2001;72:137-42.

Selnes OA, Gottesman RF, Grega MA, et al. Cognitive and neu-
rologic outcomes after coronary-artery bypass surgery. New Engl J
Med. 2012;366:250-7.

Bos D, van der Rijk MJM, Geeraedts TEA, et al. Intracranial
carotid artery atherosclerosis prevalence and risk factors in the
general population. Stroke. 2012;43:1878-84.

Bos D, lkram MA, Elias-Smale SE, et al. Calcification in major
vessel beds relates to vascular brain disease. Arterioscler Thromb
Vasc Biol. 2011;31:2331-7.

Bos D, Vernooij MW, Elias-Smale SE, et al. Atherosclerotic cal-
cification relates to cognitive function and to brain changes on
magnetic resonance imaging. Alzheimers Dement. 2012.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Shibata M, Ohtani R, Ihara M, et al. White matter lesions and glial
activation in a novel mouse model of chronic cerebral hypoperfu-
sion. Stroke. 2004;35:2598-603.

Shibata M, Yamasaki N, Miyakawa T, et al. Selective impairment
of working memory in a mouse model of chronic cerebral hypo-
perfusion. Stroke. 2007;38:2826-32.

Fujita Y, Ihara M, Ushiki T, et al. Early protective effect of bone
marrow mononuclear cells against ischemic white matter damage
through augmentation of cerebral blood flow. Stroke. 2010;41:
2938-43.

Nishio K, Thara M, Yamasaki N, et al. A mouse model character-
izing features of vascular dementia with hippocampal atrophy.
Stroke. 2010;41:1278-84.

Coltman R, Spain A, Tsenkina Y, et al. Selective white matter
pathology induces a specific impairment in spatial working mem-
ory. Neurobiol Aging. 2011;32.

Nakamura A, Rokosh DG, Paccanaro M, et al. LV systolic perfor-
mance improves with development of hypertrophy after transverse
aortic constriction in mice. Am J Physiol Heart Circ Physiol.
2001;281:H1104-12.

Chintalgattu V, Ai D, Langley RR, et al. Cardiomyocyte PDGFR-
beta signaling is an essential component of the mouse cardiac
response to load-induced stress. J Clin Invest. 2010;120:472—-84.
Poulet R, Gentile MT, Vecchione C, et al. Acute hypertension
induces oxidative stress in brain tissues. J Cerebral Blood Flow
Metab. 2006;26:253-62.

Carnevale D, Mascio G, Ajmone-Cat MA, et al. Role of neuro-
inflammation in hypertension-induced brain amyloid pathology.
Neurobiol Aging. 2012;33.

Gentile MT, Poulet R, Di Pardo A, et al. Beta-amyloid deposition
in brain is enhanced in mouse models of arterial hypertension.
Neurobiol Aging. 2009;30:222-8.

Carnevale D, Mascio G, D’Andrea I, et al. Hypertension induces
brain beta-amyloid accumulation, cognitive impairment, and mem-
ory deterioration through activation of receptor for advanced gly-
cation end products in brain vasculature. Hypertension.
2012;60:188-97.

Okamoto Y, Yamamoto T, Kalaria RN, et al. Cerebral hypoperfu-
sion accelerates cerebral amyloid angiopathy and promotes cortical
microinfarcts. Acta Neuropathol. 2012;123:381-94.

Zlokovic BV. The blood—brain barrier in health and chronic neu-
rodegenerative disorders. Neuron. 2008;57:178-201.

Marchesi C, Paradis P, Schiffrin EL. Role of the renin-angiotensin
system in vascular inflammation. Trends Pharmacol Sci.
2008;29:367-74.

Gill R, Tsung A, Billiar T. Linking oxidative stress to inflam-
mation: toll-like receptors. Free Radic Biol Med. 2010;48:
1121-32.

Sim FJ, Zhao C, Penderis J, et al. The age-related decrease in CNS
remyelination efficiency is attributable to an impairment of both
oligodendrocyte progenitor recruitment and differentiation. J Neu-
rosci. 2002;22:2451-9.

Simpson JE, Fernando MS, Clark L, et al. White matter lesions in
an unselected cohort of the elderly: astrocytic, microglial and
oligodendrocyte precursor cell responses. Neuropathol Appl Neu-
robiol. 2007;33:410-9.

Arai K, Lo EH. Astrocytes protect oligodendrocyte precursor cells
via MEK/ERK and PI3K/Akt signaling. J Neurosci Res.
2010;88:758-63.

Savva GM, Wharton SB, Ince PG, et al. Age, neuropathology, and
dementia. New Engl J Med. 2009;360:2302-9.

Armulik A, Genove G, Mae M, et al. Pericytes regulate the blood—
brain barrier. Nature. 2010;468:557-U231.

Bell RD, Winkler EA, Singh I, et al. Apolipoprotein E controls
cerebrovascular integrity via cyclophilin A. Nature. 2012;485:512—
6.

@ Springer



	The heart-brain connection: mechanistic insights and models
	Abstract
	References


